Although penetration, softening point and high temperature viscosity are empirically or semiempirically based tests, specifically designed to determine the consistency of conventional, penetration grade bitumens, they are still being used in practice to quantify the effects of polymer modification. However, depending on the degree of polymer modification, the modification process can significantly alter the rheological properties of the binder, which are not necessarily characterised by conventional binder properties. This has lead to an increased interest in the use of fundamental rheological parameters to specify polymer modified bitumens (PMBs). This paper provides a critical evaluation of the effect of polymer modification on the rheological properties of various elastomeric and plastomeric PMBs as measured by conventional (empirical and semiempirical) methods as well as fundamental rheological methods using a Dynamic Shear Rheometer (DSR). The results indicate that the penetration and high temperature viscosity tests can only indicate the effect of polymer modification as a filler-type mechanism. Softening point tests provide some indication of the presence of a dominant polymer network, but only dynamic mechanical analysis using a DSR and fundamental rheological parameters, such as complex modulus and phase angle, can completely quantify the effects of polymer modification and the unique rheological characteristics associated with different polymer types.
Introduction
Polymer modification of bitumen results in a product that under certain loading conditions and temperatures tends to behave more as a polymer than a bitumen. It is generally accepted that polymer modification improves the temperature susceptibility of bitumen and, in addition, can improve its resistance to permanent deformation, thermal and fatigue cracking [1] . It is also accepted that a polymer modified bitumen (PMB) with a dominant polymer-rich phase disrupts the traditional viscoelastic behaviour of a bitumen as well as the rheological principle of timetemperature superposition (TTSP) and, therefore, the ability to produce smooth, continuous master curves [2] [3] [4] [5] . This paper investigates the effect of polymer modification on the rheological properties of various ethylene vinyl acetate (EVA) and styrene butadiene styrene (SBS) PMBs as measured by conventional methods as well as more fundamental rheological methods, such as the DSR. Although penetration and softening point are empirically based tests, specifically used to determine the consistency of unmodified bitumens, they are still being used in practice to quantify the effects of polymer modification. Therefore, in addition to quantifying the effect of polymer modification on the rheological characteristics of PMBs, the paper assesses the suitability of different test methods to describe the effect of polymer modification, highlighting their advantages and disadvantages.
Experimental Programme

Materials
Three base bitumens from different crude oil sources (Bitumens A, B and C) were used to produce a variety of EVA (EVA 20/20) and SBS (linear) PMBs at polymer contents of 3, 5 and 7% by mass. All three base bitumens have similar consistencies (penetration and softening point) and differ only slightly in their chemical composition (see Table 1 ). All of the PMBs were produced using a Silverson high shear laboratory mill at shearing temperatures between 170 C and 185 C and sheared until steady state conditions were achieved based on binder viscosity. 
Testing methodology
The base bitumens and PMBs were subjected to conventional physical property testing consisting of penetration, softening point and viscosity (using a rotational viscometer over a temperature range of 60 C to 160 C for the base bitumens and 100 C to 200 C for the PMBs). In addition, dynamic mechanical analysis (DMA) of the binders was undertaken with a Bohlin Model DSR50 [6] using the following test conditions: Mode of loading: Controlled-strain, Temperatures:
10 to 75 C, Frequencies:
0.1 to 10 Hz, Testing geometry: Combination of 8 mm and 25 mm parallel plates, Strain amplitude: 0.5 to 10% depending on temperature. The modification of the base bitumens was evaluated by means of a modification index:
Where P unmodified is some rheological property measured on the unmodified bitumen and P modified is the same property measured on the modified bitumen.
Conventional Physical Property Tests
Penetration and softening point
The penetrations and softening points of the five PMB groups are shown in Figures 1 and 2 and indicate that for all five PMB groups there is a decrease in penetration and an increase in softening point with increasing polymer content and therefore modification. This increase in binder hardness can be attributed to the stiffening effect caused by the addition of the EVA and SBS copolymers to the base bitumens. Figure 1 illustrates that, although there are variations in the actual penetration values between the five PMB groups, no distinctive trends could be identified. The penetration test therefore seems to be relatively insensitive to the morphology of the EVA and SBS PMBs, indicating a stiffening effect that could be accomplished through the addition of any 'filler' type material, or even ageing of the base bitumen. The increase in softening point differs for the EVA and SBS PMBs. The EVA PMBs show a relatively consistent increase in softening point as polymer content increases from 3% to 7%. However, for the SBS PMBs, the increase is relatively minor, approximately 10 percent, at the low polymer content, but shows a sharp increase at the 5% level to approximately 160 percent and finally to approximately 200 percent at the 7% polymer content. This 'S' shaped curve for the two SBS PMBs indicates that below a certain SBS content, there is no polymer network in the binder and the polymer simply acts as a filler, while at higher polymer contents the polymer forms a complete network and the bitumen simply acts as an extender [7] .
Viscosity
The rotational viscosities of the Group B PMBs are presented in Figure 3 . For brevity only the viscosities of this group have been included in the paper. As with the penetration and softening point tests there is a clear indication of the hardening effect caused by the addition of either EVA or SBS copolymer to bitumen. Similar results were obtained for Groups A and C. Figure 3 illustrates that there is a consistent increase in high temperature viscosity coupled with the increase in polymer content of the EVA and SBS PMBs. This increase is greater for the SBS PMBs, but other than requiring higher mixing and compaction temperatures for a similar polymer content SBS PMB compared to an EVA PMB, the rheological characteristics of the two polymer type PMBs are identical. 
The zero shear viscosities, obtained from the DSR [8] and the rotational viscometer, are plotted against temperature for the Group B PMBs in Figure 4 . The wider temperature range of this viscosity-temperature plot allows a better rheological characterisation of the different PMBs than that available with the penetration, softening point and high temperature viscosity tests. Figure 4 shows the viscosity-temperature relationships for the Group B EVA and SBS PMBs within the temperature range of 35 C to 140 C. The viscosity curves for the three EVA PMBs clearly indicate the melting (fusion) region of the EVA copolymer between 55 C and 75 C. Compared to the EVA PMBs, the melting range of the SBS copolymer occurs at higher temperatures between 75 C and 100 C [9] and therefore produces a distinctly difference rheological behaviour. The presence of the SBS polymer network allows an almost plateau-like viscosity behaviour to be seen between 55 C to 75 C. The modification indices for the Group B PMBs are shown in Figure 5 . Polymer modification occurs at significantly lower temperatures for the three EVA PMBs compared to the SBS PMBs and at slightly lower magnitudes. 
Complex modulus
The isochronal plots of complex modulus (G*) versus temperature at 0.02 Hz for Group B PMBs are shown in Figure 6 . The isochronal plots for the EVA PMBs show an increase in G* and an improvement in temperature susceptibility with increasing polymer content up to 55 C. At temperatures above 55 C, the onset of the crystalline melting of the EVA polymer, reduces the impact of polymer modification as seen by a sharp increase in the slope of the EVA PMB complex modulus isochrones. The isochronal plots for the SBS PMBs also show an increase in G* with increasing polymer content, but within the temperature range of 10 C to 55 C this increase is less than that shown for the same polymer content EVA PMBs. However, above 55 C the elastomeric PMBs continue to show improved polymeric-type behaviour with increased G* values and reduced temperature susceptibility compared to the base bitumen and EVA PMBs. These findings agree with those of Lenoble et al [10] , that at low temperatures (< 10 C) the complex modulus for a pure bitumen and various PMBs (EVA, EMA and SBS copolymers) are very similar and that most binders tend towards the same complex modulus at these low temperatures irrespective of the polymer and bitumen grade. As temperatures increase above 10 C, the influence of the polymer begins to appear and PMBs tend to show superior thermal susceptibility compare to pure bitumen. 
Phase angle
Phase angle ( ) isochrones at 0.02 Hz for the Group B PMBs are presented in Figure 8 . In general, phase angle is considered to more sensitive to the chemical structure and therefore the modification of bitumen than complex modulus. The isochronal plots illustrate that for the EVA PMBs there is a reduction in with increasing polymer content and that the phase angle reaches a minimum value at 55 C, after which there is a sharp increase towards a more viscous behaviour as the polymer melts. There is a similar decrease in towards a more elastic behaviour for the SBS PMBs, although this decrease is maintained throughout the temperature range of 10 C to 75 C. The isochronal plots in Figure 8 are similar to those seen by other researchers [10] , who found that at low temperatures (< 10 C) there is no significant difference in the phase angles of pure bitumen and PMBs, and therefore proposed that the rheological properties of PMBs are dominated by the bitumen and not the polymer at low temperatures and high loading frequencies. Above 10 C, the properties of PMBs tend to be more influenced by the polymer [11] .
Conclusions
The conventional tests and the more fundamental DMA have indicated that the rheological characteristics of plastomeric EVA and elastomeric SBS PMBs differ considerably. The semicrystalline EVA copolymer provides the modification of bitumen through the crystallisation of rigid three-dimensional networks within the bitumen. The polymeric modification is confined by an upper temperature limit, related to the melting temperature of the EVA copolymer, where after the process is limited to a filler-type modification as seen in the viscosity-temperature and isochronal plots. The modification mechanism associated with the thermoplastic rubber SBS copolymer consists of the establishment of a highly elastic network within the bitumen. The amorphous polymer-bitumen blend increases the elasticity of the PMB at high temperatures as seen by the plateau-like behaviour of the binder in the viscosity-temperature and isochronal plots. The higher melting temperature of the polystyrene blocks allows the rheological characteristics of the SBS PMBs to be extended to temperatures greater than that found for the EVA PMBs. The higher temperature sustainability of the SBS PMBs means that their maximum modification generally occurs at higher temperatures than that found for the EVA PMBs. Conventional tests, such as penetration, softening point and high temperature viscosity do not provide a suitable means of quantifying the rheological characteristics of PMBs. The penetration and high temperature viscosity tests only indicate the effect of polymer modification as a fillertype mechanism, while the softening point test only provides a limited indication of the presence of a dominant polymer network. Dynamic mechanical analysis using a DSR and fundamental rheological parameters, such as complex modulus and phase angle, can completely quantify the effects of polymer modification and the unique rheological characteristics associated with different polymer types.
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